Abstract-The application of ion cyclotron range of frequency (ICRF) heating to near-ignited plasmas will require launching structures that will be capable of withstanding the harsh plasma environment. The recessed antenna configuration is expected to provide sufficient protection for the structure, but to date no analysis has been done to determine if adequate coupling can be achieved in such a configuration. In this work we present a method for determining the current distribution for the antenna in the direction transverse to current flow and predict antenna loading in the presence of plasma. Antennas of arbitrary cross section are analyzed above ground planes of arbitrary shape. Results from the antenna design code (ANDES) are presented and compared to experimental results.
I. INTRODUCTION
A KEY issue in the use of the fast magnetosonic wave lfor plasma heating applications is the design of a suitable wave launcher, which generates waves of a specified wavelength spectrum while maximizing the powerhandling capability. Moreover, care must be taken to protect the radiating elements from the particle and energy fluxes at the plasma periphery and to prevent the unwanted contamination of the plasma by ablation of the antenna materials. In order to ensure the excitation of only the fast wave, a polarization shield, or so-called Faraday shield has commonly been fixed over the radiating element to screen out the electrostatic field components while permitting, in the ideal case, complete penetration of the magnetic fields.
In experiments thus far, wave launchers in the ion cyclotron range of frequencies (ICRF) have been based on inductive loops which rely on sufficient coupling of the near fields of the antenna to the edge plasma [1] , [2] . With edge plasma parameters commonly encountered in the experiments, antenna loading impedances of a few ohms are found, which necessitates the use of tuning elements to match the antenna to a transmission line. The Q of the resulting tuned circuit is typically in the range of 10-20 and becomes ultimately the limit to the power-handling Manuscript received August 11, 1986; revised December 11, 1986. This work was supported by Grumman Aerospace Corporation and the Department of Energy under Contract DE-AC02-76-CHO-3073.
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capability when the reactive voltages involved exceed a breakdown limit [3] . In proposed reactor or ignition devices, such as the compact ignition tokamak (CIT), the plasma edge power density is expected to be much larger than in current experiments, requiring additional protection for the antenna. Ideas which have been proposed to afford this protection include the use of close-fitting protective limiters or the recessing of the entire antenna in a cavity in the vessel wall [4] . With such schemes it becomes necessary to make a quantitative trade-off between additional protection and lower power-handling capability due to the loss of coupling.
In previous antenna modeling studies, only relatively idealized geometries have been studied, and few have taken into account the effect of the plasma on the radiating conductors [5] In the case of a metallic conducting boundary, the surface is divided into a collection of parallel bars that are a skin depth 6 = 2/uAc thick and w wide as shown in Fig. 2 ; w is considered to be sufficiently small so that the current is uniform over the bar cross section. The resistance of each is bar given by R = I/ orw6 and the inductance of each bar is given by L = 2 x 10-7 1 Ln (2 ) + 0.51
where 1 is the length of the bar. Also, the mutual inductance to any other bar in vacuum is given by The plasma elements are incorporated into the circuit model in the same manner in which the ground plane elements are handled. In particular, the boundary condition used is that the sum of all the plasma surface currents is zero. This condition is a consequence of the fact that the Hz fields associated with the fast wave are continuous across the plasma-vacuum interface, even in the presence of a step in the plasma density profile, hence, no net JY current can be supported. It can be shown that the only field discontinuities at the plasma surface are those associated with the discarded slow wavefields, i.e., a Jy current, and are negligibly small for w > w,j [12] . This condition forces a current reversal in the plasma plane, as expected. Fig. 5 indicates the magnitude and phase of the surface currents in the plasma for a typical case. We note that the phase variation represents a traveling wave emanating from the antenna along the plasma surface. Also, due to the finite extent of the analysis, some reflection of the waves is observed at the ends of the domain. This is an artifice of the abrupt change in surface impedance at this point suggesting that for sufficient accuracy, the domain must be taken to be sufficiently large so that most of the power has radiated into the plasma before encountering the ends. In the next section we benchmark this model against both simple analytical models and experimental measurements.
III. COMPARISON WITH ANALYTICAL RESULTS AND EXPERIMENTAL MEASUREMENTS
As a check on the algorithm, we first consider the case of a thin current strip above an infinite ground plane whose analytical solution is known [13] . The limit is taken where the antenna dimensions are short with respect to a wavelength so that the expression for the low-frequency inductance is appropriate. In the case of a TFR antenna analyzed by Adam [14] , as shown in Fig. 6(a) , the inductance using the analytical solution is found to be 2.47 x 10-7 H /m. Adam found the inductance of this antenna by first Fourier analyzing the fields between the antenna and the ground plane and then integrating over Fourier space to determine the total stored field energy. The resulting inductance is derived directly from stored energy and is found to agree well with the analytic result. The results from ANDES give a similar value of 2.3 x 10-7 H/m.
The current distribution in this calculation was not assumed to be uniform, as in Adam's work, but is found to be peaked near the ends of the conductor, as shown in Fig. 6(b) . This slightly lower value is consistent with minimization of the stored energy as the actual current distribution is approached.
Further confirmation of the model has been made by comparison with the experimental measurements of Fortgang and Hwang for the PLT antenna in vacuum [15] . In their work, a small current loop was used to measure the near-zone fields in the vicinity of a PLT antenna. Fig. 7 shows the comparison between the measured values and the results from ANDES, indicating excellent agreement in both directions transverse to the current flow. It is worthy to note that in order to achieve this agreement, the flux had to be integrated over an area equal to the loop aperture, even though this was small, indicating the current distribution may be more peaked than actually measured. Fig. 8 shows ANDES-predicted current distribution for the PLT antenna. Notice that current tends to be excluded from the interior corners and peaks on the lobes of the antenna. Also, current tends to be greater-on the surface closest to the ground plane. The comparison of ANDES with experimental results in the presence of plasma is complicated by the fact that the experimental edge density profiles are not well known. The real part of the antenna impedance has been shown to be a sensitive function of the edge density and the distance between the antenna and the plasma. For the purposes of this study, we have assumed a uniform plasma density with a fixed separation from the antenna (independent of kz). By comparison, Adam assumed parabolic edge density profiles and allowed the separation distance to be a function of kz in order to model the variable evanescent distance expected in the presence of gradients. Since the presence of plasma is not found to affect the antenna reactance appreciably, we do not expect the details of the plasma edge to affect the current distributions significantly. The antenna resistance or coupling coefficient is affected, however, and we adjust the edge parameters to fit experimentally measured values.
In accord with the measurements of Fortgang and Hwang, a reduction of the overall coupling impedance of 50 percent should be made to account for the decrease of the antenna current away from the current maximum (i.e., due to the finite wavelength along the antenna length). In the PLT case, an edge density of 1 X 1012 cm-3 is sufficient to reproduce the 3-Q loading impedances found in the experiments. Using this value, the results from AN-DES for the PLT antenna and related variations of this antenna are shown in Table I . These results do not take into account the expected reduction in input impedance and are presented for comparison of various antenna designs. The input impedance predicted by ANDES for the PLT antenna of 6 Q should translate to an experimentally observed input impedance of about 3 (1, in agreement with the experiment. Table I indicates that the peak electric field on the antenna surface (i.e., the antenna Q) can be lowered by increasing the antenna width and thickness. As the antenna is made wider, the magnetic flux concentration at the ground plane increases and the input impedance decreases. Fig. 9 , a 14-cm-wide and 2-cm-thick antenna depressed 1.5 cm in a recess was analyzed. The channel width was varied from 15 cm to a width such that the channel could be viewed as a flat ground plane. The plasma was 3 cm in front of the recess and the density was 5 x 1012 cm-3. These are expected to be in accord with the requirements of the CIT. The predicted input resistance and electric field for a 5-cm-and 10-cm-deep channel are shown in Fig. 10 .
We calculated the peak electric field for each antenna configuration delivering 1 MW into the plasma. As shown in Fig. 11 , the noteworthy result is observed that the total electric field at the antenna reached a minimum when the channel width was made about 2.5 times the antenna field is evaluated along a layer just above the ground plane. The limits of the Fourier integral, which determine the minimum Akz resolution of the spectrum, were found to be sufficient at + / -5 times the channel width. Fig. 12(a) is a typical spectrum for the recessed configuration. The location of the minor peak in the spectrum is determined by the channel width, while the location of the major peak is determined by the assumed edge plasma density. The latter feature is essentially the same for both the recessed and nonrecessed configurations and reflects the significance of the plasma edge in determining the ground-plane currents. It is worthwhile to note that the width of the driven element itself has a minimal effect of the spectrum in the recessed configuration.
The Fourier spectrum of an identical antenna for the nonrecessed configuration, evaluated along a layer just above the antenna surface, is shown in Fig. 12(b) . The spectra in Fig. 12 are very similar, indicating the dominant spectral filtering imposed by the plasma surface. This implies that the plasma edge density is the most important factor governing the character of the launched wave spectrum.
V. CONCLUSIONS
Results from ANDES compared to experimental results suggest that we can accurately model antennas of arbitrary cross section above a ground plane. From these results we believe that this analysis applied to recessed antennas is valid and will be useful in predicting coupling for ICRF heating. The results of this analysis indicate that the recessed configuration can be expected to provide adequate coupling for ICRF heating applications. A fully three-dimensional analysis considering variation of current along the antenna would provide a more complete treatment of the problem, but this analysis would undoubtedly require large amounts of computer time and would not appreciably change the character of the results for antennas whose transverse dimensions are small with respect to a wavelength. A density gradient was not considered in this analysis and may modify the absolute value of the loading impedance but not the relative scaling of the impedance with geometric factors. ACKNOWLEDGMENT width. Adequate input resistances for coupling in the range of ( >2 Q) are found for these configurations at these channel widths as well. From these results we believe that there is no need for extremely wide channels. Sufficient loading and relatively low electric fields should be obtainable without imposing unrealistic constraints on the size of the launching structure.
